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Abstract 
Populations across the world use solid-fuel-burning cookstoves to prepare food and to 
heat homes. Adverse health outcomes have been documented due to exposures to smoke and 
other toxicants, including polycyclic aromatic hydrocarbons (PAH). We investigated PAH 
exposure in 180 households in peri-urban Gisenyi, Rwanda, during two surveys one year apart. 
In each household, the primary cook’s breathing-zone exposure to PAHs was measured over a 
24-h period. In addition, we investigated how cooking location, stove type, fuel type, and 
kindling material affected exposure to PAHs. The mean PAH concentrations were at hazardous 
levels, comparable to certain occupational exposures. Gas-phase PAH concentrations were 
significantly higher than particle-phase PAHs (p <0.0001). PAH concentrations were higher in 
indoor than outdoor cooking settings (p < 0.025). The highest mean personal PAH 
concentrations in the baseline survey were measured during the use of traditional 3-stone 
cookstoves (3.20 µg/m3), but the levels were not significantly different from portable charcoal 
cookstoves (2.17 µg/m3, p = 0.54), the most commonly used stove. In the intervention survey, 
fixed charcoal cookstoves produced the highest personal mean PAH concentrations (3.88 µg/m3). 
The households where fuelwood was used as a fuel and small sticks/fuelwood as kindling 
material had the highest personal mean PAH exposures (5.84 µg/m3 and 2.62 µg/m3, 
respectively). Cookstove operators in households who adopted Mini Moto cookstoves had 
significantly lower mean PAH exposure compared to those who used portable charcoal 
cookstoves (1.47 µg/m3 and 2.31 µg/m3, respectively, p = 0.04). These findings warrant further 
exploration into cleaner burning cookstoves and fuels.  
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Introduction 
Around 3 billion people regularly rely on the burning of solid biomass to cook food and 
heat homes. Harmful emissions from cooking and heating practices contributes to the annual 4 
million premature deaths across the world (World Health Organization, 2014). Rwanda is one of 
the most densely populated countries in Africa, and in its sizeable urban and rural populations, in 
the majority of the households, cooking occurs over open flames or using inefficient biomass 
burning cookstoves. Use of wood and charcoal as stove fuel can lead to adverse health effects 
and destructive environmental impacts through forest degradation (Girard, 2002; Hofstad, 
Köhlin, & Namaalwa, 2009; Madon, 2000).  
Indoor Air Pollution 
In 2007, more than 93% of the global biomass and coal energy consumption occurred in 
developing countries (Shen et al., 2013; Wang et al., 2013). This indicates a higher use of solid 
fuel, such as biomass and coal, in low-income countries compared to high-income nations. In 
high-income countries, less than 5% of the populations are reported to use solid fuel to cook, 
utilizing cleaner fuels like natural gas, biogas, and electricity instead (Bonjour et al., 2013; 
World Health Organization, 2011). Citizens of these lower socioeconomic countries are at a 
higher risk of developing adverse health outcomes as a result of exposure to indoor air pollution 
(IAP) (Mannucci & Franchini, 2017). Consequently, rural communities in lower economic status 
countries are experiencing a majority of the aforementioned 4 million premature deaths produced 
by IAP (Ezzati & Kammen, 2001). Though the exact breakdown for the cause of these deaths is 
not known, researchers have shown that the incomplete combustion of solid fuels, including 
10 
 
biomass and coal, results in the formation of polycyclic aromatic hydrocarbons (PAHs), which 
are small, persistent, and potentially carcinogenic compounds (Chen et al., 2017). 
 
Health Impact of Indoor and Household Air Pollution  
The United States Environmental Protection Agency (USEPA) defines indoor air quality 
as “…the air quality within and around buildings and structures, especially as it relates to the 
health and comfort of building occupants” (United States Environmental Protection Agency, 
2018). In my research, I will draw conclusions on household air pollution (HAP), which is 
distinct from IAP, as HAP is limited to the home environment, and does not include all built 
structures. Overlap exists in the constituent parts of HAP and IAP, and often no distinction is 
drawn between the two, but from here on HAP is used as the standard term in this thesis unless 
referred to as otherwise in a reference. 
To understand the potential health risks from exposure to IAP and HAP, we need to 
comprehend the full profile of hazardous air pollutants of concern, such as PAHs. Alongside 
PAHs, household air pollution from solid fuel combustion often creates carbon monoxide (CO) 
as well as particulate matter (PM), which is considered to be the most harmful, and most 
commonly studied exposure in households using cookstoves (Begum, Paul, Hossain, Biswas, & 
Hopke, 2009; Smith & Mehta, 2003). PM has been linked to chronic respiratory disease, 
cardiovascular disease, and acute respiratory lung infections (ALRI), the leading cause of 
mortality among children under the age of five (Sonego, Pellegrin, Becker, & Lazzerini, 2015). 
Carbon Monoxide has been associated with cardiovascular disease and strokes. Of the 
approximately 4 million annual premature deaths from illness attributable to HAP, 28% is 
assigned to pneumonia (ALRI), 18% is associated with strokes, 27% is linked to ischaemic heart 
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disease, and 20% is from chronic obstructive pulmonary disease (COPD) (World Health 
Organization, 2018). The mortality rates are highest for diseases associated with PM and CO, but 
that does not imply that other exposures are not hazardous or interacting with each other to yield 
compounding effects or affecting susceptibility. 
 PAHs are a component of IAP and HAP, and one of the health outcomes associated with 
IAP and HAP is lung cancer. According to the World Health Organization, approximately 8% of 
the deaths from HAP are attributable to lung cancer, which could be linked to exposure to 
carcinogenic PAHs (World Health Organization, 2018). One of the most well-known PAHs is 
benzo[a]pyrene (BaP), a thoroughly studied carcinogenic compound that is often associated with 
the combustion of gasoline (Ravindra et al., 2008). Another consideration is that exposure to IAP 
occurs commonly in lower income countries, typically at high levels for 3–7 hours daily over 
many years  (Bruce, Perez-Padilla, & Albalak, 2000). Researchers focusing on PAHs have only 
recently scrutinized household environments in lower income countries, with Gall and colleagues 
(Gall, Carter, Earnest, and Stephens (2013)) noting that “modeling studies that evaluate IAP and 
cookstove performance in developing countries are thought to be underutilized and generally lag 
behind studies on outdoor and other indoor environments”.  Additionally, the burden of disease 
for indoor air related illness is higher in low-income countries compared to high-income 
countries, with only 19,000 of the 4.3 million global HAP-related deaths occurring in high-
income countries in 2012 (World Health Organization, 2014). 
The difference in potential for PAH exposure is due to factors such as poor ventilation, 
inefficient cookstoves, fuel source, and cooking practices (Apte & Salvi, 2016). The idea that 
rural communities in low-income countries have the highest exposure to PAHs in HAP is echoed 
in published studies, including Gordon et al. (2014) review on evidence of the association 
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between HAP and respiratory health conditions. Gordon and colleagues stated that 
“Socioeconomic status is a major predictor of exposure to HAP in most cultures” (Gordon et al., 
2014). Chan et al. (2017) followed a cohort of 500,000 adults in 10 regions of China and 
examined the transition away from solid fuel use in cooking. They found that adoption of clean 
fuels during 1960’s–2010 was faster and more pronounced among more educated, higher income 
(≥35,000 yuan/year) adults in urban areas. Piddock et al. (2014) investigated biomass fuel use in 
a peri-urban population in Malawi and reported that markers of low socioeconomic status were 
linked to increased use of dirty fuel sources that lead to elevated levels of biomass smoke 
exposure. Thus, more research is warranted to better characterize exposure to HAP, including 
PAHs, and provide solutions to protect global public health in rural communities of low- and 
middle-income countries. 
 
Regulations and Guidelines 
“Currently there are no formal, legally recognized standards for stoves yet in Rwanda, 
making it difficult to control quality and thus motivate consumers to pay more for better 
products” (Accenture, 2012). With this context, evaluating PAH exposure standards established 
by the US and its regulatory agencies provides a benchmark to understand the significance and 
weight of exposure results. Given the known toxicity and carcinogenicity of certain PAHs, the 
US EPA has declared a set of 16 “priority PAHs”, as the most concerning and dangerous, but 
also the most common and best understood of all the PAHs. The US EPA priority PAHs, 
compounds that vary widely in structure, size, and complexity (Figure 1), are at the center of this 
study.  
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Figure 1. The US EPA 16 priority PAHs (Ghosal et al., 2016). 
US agencies concerned with occupational exposure to PAHs have created guidelines to 
protect workers who have the highest likelihood of exposure to these chemicals in their most 
concentrated forms (Table 1). Occupational Safety and Health Administration (OSHA) covers 
exposure to PAHs under the Air Contaminants Standard and provides a regulatory permissible 
exposure limit for PAHs of 0.2 mg/m3 for an 8-h time weighted average (TWA) exposure 
(ATDSR 2011). National Institute for Occupational Safety and Health (NIOSH) and American 
Conference of Governmental Industrial Hygienists (ACGIH) both provide advisory limits for 
PAHs similar to OSHA (see Table 1). These guidelines are appropriate for this study population, 
as many of the individuals who cooked were hired workers and spent hours of their day 
interacting with cookstoves and preparing food. Additionally, there are street cooks who are 
exposed to components of IAP (PAHs, PM, CO) occupationally, and these standards are more 
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effective for evaluating the exposure than standards created for general populations (Awopeju et 
al., 2017). There are few established guidelines for residential PAH exposure, and those that do 
exist are specified for BaP, like the Chinese national Criteria for BaP of 1 ng/m3 (China Ministry 
of Health, 2002). 
Table 1. US workplace and environmental standards and regulations for polycyclic aromatic 
hydrocarbons (adopted from ATSDR 2013). 
Agency Focus Level Comments 
American Conference of 
Governmental Industrial 
Hygienists 
Air: 
workplace 
0.2 mg/m3 for 
benzene-soluble coal 
tar pitch fraction 
Advisory: TLV* (8-h TWA†) 
National Institute for 
Occupational Safety and 
Health 
Air: 
workplace 
0.1 mg/m3 for coal 
tar pitch volatile 
agents 
Advisory: REL‡ (8-h TWA) 
Occupational Safety and 
Health Administration 
Air: 
workplace 
0.2 mg/m3 for 
benzene-soluble coal 
tar pitch fraction 
Regulation: (benzene soluble fraction 
of coal tar volatiles) PEL§ (8-h 
workday) 
U.S. Environmental 
Protection Agency 
Water 0.0001 (mg/L) MCL¶ for benz(a)anthracene 
0.0002 mg/L MCL for benzo(a)pyrene, 
benzo(b)fluoranthene, 
benzo(k)fluoranthene, chrysene 
0.0003 mg/L MCL for dibenz(a,h)anthracene 
0.0004 mg/L MCL for indenol(1,2,3-c,d)pyrene 
*Threshold limit value. 
†Time-weighted average concentration for a normal 8-h workday and a 40-h workweek to which nearly all 
workers may be repeatedly exposed. 
‡Recommended exposure limit: recommended airborne exposure limit for coal tar pitch volatiles (cyclohexane-
extractable fraction) averaged over a 10-h workshift. 
§Permissible exposure limit: the legal airborne permissible exposure limit for coal tar pitch volatiles (benzene 
soluble fraction) averaged over an 8-h workshift. 
¶Maximum contaminant level. 
 
 
 
15 
 
Polycyclic Aromatic Hydrocarbons (PAHs) 
PAHs vary in structure and size from two rings to five rings and above, with two to four 
ring structures typically existing in the gaseous phase while five rings and above are usually 
bound to particles, especially soot particles (Jorgensen, Strandberg, Sjaastad, Johansen, & 
Svendsen, 2013). The differences in size and deposition create a need to diversify collection 
practices. In this study, smaller PAHs, typically 4 rings and below, are considered “gas-phase” 
PAHs, while PAHs with 5 or more rings are considered “particle-phase” PAHs. The variety of 
shapes and sizes of PAHs leads to differences in movement in air and deposition onto surfaces. 
PAHs also have long degradation times that allow for accumulation in the environment and 
provides opportunities for reactive PAHs to undergo transformations into potentially more 
hazardous derivative compounds (Manzetti, 2013). As previously mentioned, the size and 
structure of a PAH affects the half-life; a 2-ring naphthalene molecule has an average half-life of 
3 – 8 hours in the atmosphere while a BaP molecule typically lasts 1 – 6 days in the atmosphere 
(Faust, 1994; United States Environmental Protection Agency, 1984). In the atmosphere, PAHs 
interact with other compounds like ozone and are degraded by sunlight in a reaction called 
photolysis. Photolysis affects gas-phase PAHs more effectively than the larger particle-bound 
PAHs and, therefore, larger 5-ring structures and above degrade slower in the atmosphere than 2- 
and 3-ring PAHs (Abdel-Shafy & Mansour, 2016). Particle-phase PAHs are also influenced by 
the particle type to which they are bound, a factor than can potentially extend a PAH’s half-life 
to as long as the particle is present (Choi, Harrison, & Komulainen, 2010). The atmosphere 
receives the bulk of PAH environmental load, which leads to the existence of PAHs in either a 
vapor or solid phase depending on variation in vapor pressure particular to individual PAHs. 
Atmospheric persistence varies between the PAHs, dependent size of the PAH, the presence of 
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other reactive species in the environment, and sunlight. Under simulated sunlight with ozone, 
smaller PAHs like anthracene have a half-life of less than an hour while large PAHs like 
benzo[b]fluoranthene have half-lives greater than 8 hours (Ravindra et al., 2008). 
 
Generation of Polycyclic Aromatic Hydrocarbon Emissions 
 PAHs are formed via two known combustion mechanisms, namely pyrosynthesis and 
pyrolysis (Ravindra et al., 2008). Pyrosynthesis involves the formation of carbon-carbon and 
carbon-hydrogen free radicals at greater than 500ºC, which quickly leads to simple, low-weight 
PAHs. The free radicals combine to form acetylene molecules which bond to form stable 
aromatic hydrocarbon structures (Figure 2). 
 
Figure 2. PAH pyrosynthesis from ethane (Ravindra et al., 2008) 
The reaction between hydrocarbon free radicals occurs rapidly, and once the low 
molecular weight compounds are formed, higher molecular weight compounds can be created 
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via the addition of hydrocarbon free radicals to the already formed smaller PAHs. This formation 
process is related inversely to the formation of soot, and occurs via the same mechanism as 
hydrocarbon pyrosynthesis, with the incorporation of higher molecular weight PAHs into soot 
particles (Richter & Howard, 2000). In other words, as PAHs increase in size through 
pyrosynthesis, the largest PAH molecules act as precursors to soot formation, so as PAH 
concentrations decrease, soot concentrations often increase. With large enough abundance of 
larger PAHs and as time goes on, the soot size increases via coagulation and surface growth (see 
Figure 3) (Lima et al., 2005). 
 
Figure 3. A proposed mechanism for PAH and soot formation based on Ritchter and Howard 
(2000). PAH growth pathway presented was proposed by Frenklach and collaborators 
in 1984 (Lima et al., 2005). 
The second formation process, pyrolysis, involves breaking down organic components 
not to simple base-free radicals, but rather degradation of organic compounds, like more 
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complex hydrocarbon structures, into PAHs. Varying concentrations of PAHs are formed 
depending on burning rate, fuel type, and temperature via depolymerization, demethoxylation, or 
dihydroxylation, processes (Lima et al., 2005; Zhou et al., 2014).  
PAHs are generated through the incomplete combustion of organic material like wood, 
coal, or oil, which implies that they can be created naturally or artificially (Shen et al., 2016). 
Though there are natural sources of PAHs, there are significantly more anthropogenic sources 
that include residential heating when burning biomass, coke and aluminum production, and the 
burning of gasoline in vehicles. The dangerous health impacts combined with the ubiquitous 
environmental presence of PAHs pose serious public health threats that have been reported in 
both occupational and environmental exposure settings (Madeen & Williams, 2017; Robinson et 
al., 2008).  
 
Health Effects of Polycyclic Aromatic Hydrocarbons 
This diversity in the structure of PAHs affects metabolism and toxicokinetic behavior, 
which in turn, determines where PAHs deposit, what organs they affect, and their ability to bind 
and react to DNA, potentially leading to carcinogenic effects. PAHs are lipophilic and easily 
move through cell membranes, and are found throughout multiple body tissues quickly after 
exposure (Choi et al., 2010). The most common route of exposure in the case of HAP is 
inhalation, which makes the lungs the most common site for cancerous growth to occur, as lungs 
are often the first organ that comes into contact with PAHs (Choi et al., 2010). Though the type 
of PAH determines the relative toxicity and cancer potential, there is limited data that indicate 
which PAHs are the most effective at inducing lung cancer; however, larger PAHs are typically 
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more reactive and consequently have the highest potential for damaging effects. Another 
frequent site for cancer-causing DNA adducts, is the liver, as it is primarily involved in 
metabolism and detoxification of xenobiotics. PAHs that enter the body through inhalation and 
skin absorption also bypass a step of metabolism that ingestion routes take via the liver, avoiding 
a detoxifying step (Choi et al., 2010). PAHs are metabolized by the cytochrome P450 (CYP450) 
family of enzymes, which transform them into epoxide intermediates, followed by carcinogenic 
diol-epoxides via epoxide-hydrolase (Shimada & Fujii-Kuriyama, 2004).  
 
Figure 4. Illustration of the movement of PAHs through the built environment, natural 
environment, and bodily environment (Abdel-Shafy & Mansour, 2016). 
Exposure to PAHs has been associated with respiratory infections, respiratory tract 
cancers, and chronic lung diseases (Gordon et al., 2014). Women and children are particularly 
vulnerable, likely due to cultural traditions of many lower-income countries, in which women 
often stay in homes and cook either for their family or as their occupation (Awopeju et al., 2017). 
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Gordon et al. (2014) noted that chronic lung diseases, chronic obstructive pulmonary disease 
(COPD), and bronchiectasis in women have been linked to the use of solid fuels in cooking. This 
has dire implications for early life development for children who spend much of their time 
alongside their mothers. Young children receive similar exposure to IAP at higher proportions to 
their own body sizes compared to adults, and the damaging effects of exposure to household air 
pollution in early life on lung development have yet to be fully described (Gordon et al., 2014). 
 
Global Cookstove Interventions 
The high global disease burden from HAP has caught the attention of the global public 
health community, and as such, governments and organizations have begun to promote and test 
for intervention solutions. For example, Global Alliance for Clean Cookstoves (GACC), a 
public-private partnership hosted by the United Nations Foundation, has performed and funded 
research efforts and interventions to improve the global clean-cookstove market and to increase 
the adoption of clean-cooking technology in low-income countries (Global Alliance for Clean 
Cookstoves, 2018a). The organization has a goal to achieve 100 million clean stoves distributed 
by the year 2020, and in their 2017 annual progress report, they estimated having distributed 80.6 
million clean or efficient cookstoves globally (Global Alliance for Clean Cookstoves, 2017). The 
GACC hosted a workshop on cookstove adoption, and explored the definition of sustained 
adoption in Lima, Peru in 2015. They differentiated between sustained adoption and distribution, 
and noted that to achieve sustained use of clean cookstoves, user acceptance of clean cookstoves 
must be increased through social, economic, and policy factors (Global Alliance for Clean 
Cookstoves, 2015). Though technology and innovations are making fuel more accessible and less 
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expensive, accessibility and cost are frequently the largest barriers to wide-scale sustained 
adoption of cookstoves (Global Alliance for Clean Cookstoves, 2017). The organization does 
differentiate between distribution and sustained adoption of cookstoves, however, there are no 
reported statistics on the latter. GACC indicates in their 2017 progress report that partners, 
including the World Bank, Energizing Development, and the World Health Organization, will 
soon provide data on progress toward universal adoption of sustainable energy (Global Alliance 
for Clean Cookstoves, 2017).  
Adoption in most low- and middle-income countries has been low, but two countries that 
have seen success in improved cookstove (ICS) distribution and adoption are India and China, 
both of which have large-scale goals for adoption (Lewis & Pattanayak, 2012; Mobarak, 
Dwivedi, Bailis, Hildemann, & Miller, 2012). Implementation of the Chinese National Improved 
Stove Programme led to the distribution of 129 million improved stoves into rural areas during 
1982 – 1992, with follow up surveys indicating that more than two-thirds continued to be used 
(Smith, Shuhua, Kun, & Daxiong, 1993). Additionally, the Chinese government has set a 
national goal of 40 million cookstove adoptions by 2020 and seen the successful implementation 
of several pilot programs (Global Alliance for Clean Cookstoves, 2018b). India’s government 
has similarly set a goal of connecting 80 million poor households to clean cooking gas through 
the creation of the Pradhan Mantri Ujjwala Yojana (PMUY) program, launched in 2016 by 
Prime Minister Modi, and so far has connected 20 million households to gas cooking stoves 
(Global Alliance for Clean Cookstoves, 2017). Reasons behind why some countries might be 
more successful than others may be tied to some of the commonly studied determinants such as 
socioeconomic status, income, education, gender dynamics, social marginalization and urban 
location (Lewis & Pattanayak, 2012). 
22 
 
Rwandan Cook Stoves 
To understand the potential for Rwandan cookstove adoption, there is a need to examine 
the common barriers to ICS initiatives. The previously mentioned barriers, like fuel cost and 
access, are modified by factors such as socioeconomic status, gender dynamics, and urban 
location. Since Rwanda’s 1994 genocide, there have been changes in social relations, with 
women now heading 35% of households in Rwanda, but still having constraints to education and 
vulnerability to violence and discrimination (GENDER AND COMMUNITY DEVELOPMENT 
ANALYSIS IN RWANDA, 2009; Integrated Household Living Conditions Survey, 2005). 
Furthermore, the Rwandan government has made concerted efforts to promote gender equity, 
which contrasts to the country’s long patriarchal history (GENDER AND COMMUNITY 
DEVELOPMENT ANALYSIS IN RWANDA, 2009). The GACC reports that 98% of Rwandans 
cook using solid-fuels (see Table 2 for the breakdown of the types of fuels used), and as of 2017, 
the World Bank reports that 69% of the Rwandan population lives in rural areas (Global Alliance 
for Clean Cookstoves, 2018d; World Bank, 2018). Rwanda’s distribution of wealth is unequal, 
with the richest 10% of Rwandans having 3.2 times more gross national income than the poorest 
40% of Rwandans, the highest wealth inequality among the East-African nations (Asiimwe, 
2017). However, income inequality is decreasing at a faster rate than in other countries in the 
region as the Rwandan government moves the country away from its low-income status, 
agricultural economy towards a middle-income status, knowledge-based, service-oriented 
economy (Asiimwe, 2017; World Bank, 2017). 
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Table 2. The GACC Rwanda profile country-level statistics on solid fuel use. 
Type of solid fuel used for cooking Percentage of the population 
Wood 92.1% 
Charcoal 6.5% 
Coal 0.3% 
Dung 0.2% 
Kerosene 0.1% 
Gas 0.0% 
 
In the late Eighties, the Rwandan government implemented a program to decrease the 
environmentally destructive impacts of its population (Accenture, 2012). There have been 
continued efforts to practice more environmentally friendly and safe cooking methods, but 
regulating the cookstove market and communicating the negative impacts to the citizens has 
been slow and difficult.  
More than half the Rwandan population lives under the poverty line and approximately 
“99.0 % of rural householders cook with biomass, mainly on open three-stone” fires (Barstow, 
Nagel, Clasen, & Thomas, 2016). These traditional versions of cookstoves that burn solid fuels 
are known to emit harmful pollutants including PAHs (Bruce et al., 2004; Das, Pedit, Handa, & 
Jagger, 2018). Recently, there have been attempts in Rwanda to introduce cleaner, more efficient 
cookstoves and teach more safe cooking practices; two examples being the Rwanda Ministry of 
Health (MOH)/DelAgua Health (DelAgua), a private social enterprise, partnership and an 
Inyenyeri Clean Cooking Pilot program.  
This joint effort by the Rwanda MOH and DelAgua was intended to reduce the disease 
burden in rural Rwanda, lower poverty associated with fuel spending, and minimize the 
environmental impact from inefficient combustion of biomass (Barstow et al., 2016). To achieve 
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this, the project sought to “distribute and promote the use of improved cookstoves and advanced 
water filters to the poorest quarter of households” (Barstow et al., 2016). A high incidence of 
initial improved cookstove adoption was reported but many households also used other less 
efficient stoves along with the improved stove, a practice referred to as ‘stove-stacking’ (Barstow 
et al., 2016).  
The Inyenyeri pilot program, supported by the Global Alliance for Clean Cookstoves and 
the International Center for Research on Women (ICRW), explored the efficacy of a market-
based approach in encouraging cookstove adoption in a humanitarian setting (Global Alliance for 
Clean Cookstoves, 2018c). More than half of the households used the Mini Moto cookstove but 
many of them also practiced stove-stacking. In addition, many of the participants did not 
continue to purchase biomass pellets after depleting their first purchase, preventing them from 
correctly using their Mini Moto cookstoves with clean cooking fuels. Participants reported using 
the Mini Moto cookstove for preparing many types of food from porridge to potatoes, but not for 
beans. Thus, cultural cooking tendencies and techniques can be a hindrance for clean cookstove 
adoption and usage (Global Alliance for Clean Cookstoves, 2018c). Even with a reduced time 
spent cooking, increased feeling of safety, and a decrease in respiratory irritation, fuel price was 
still too large a barrier for many to overcome. The above mentioned interventions showcase a 
desire among health professionals, officials, and members of the general population to practice 
cleaner cooking techniques. However, barriers like lack of knowledge, fuel prices, access, and 
cooking practices, can prevent full, large-scale adoption of clean cookstoves in Rwanda, for now. 
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Mini Moto Cookstove 
We are currently conducting a large poverty, exposure, and health effects survey in 
Rwanda during which we are also investigating the Mini Moto cookstove (see Figure 5) as an 
intervention cookstove due to its design to cleanly burn biomass pellets. We partnered with 
Inyenyeri, which has a goal to decrease exposure to IAP while supporting local economies. 
Inyenyeri’s efforts include crowdsourcing biomass from rural Rwandans and converting that 
biomass into cleaner-burning biomass pellets. The biomass pellets are provided in exchange for 
biomass or at reduced cost to rural Rwandans and at-cost to urban Rwandans to use in the Mini 
Moto cookstove (Accenture, 2012). The Colorado State University Advanced Biomass 
Cookstove laboratory tested the Mini Moto cookstove and determined it to be a Tier 4 cookstove. 
Tier 4 is the highest possible rating for clean cookstove efficiency, and includes the categories 
for indoor emissions, safety, efficiency, and emissions. This tier 4 ranking indicates that the 
Mimi Moto emits lower levels of CO and PM than any traditional cooking method (Global 
Alliance for Clean Cookstoves, 2018c). 
 
Figure 5. The Mini Moto Cookstove  
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Study Aims 
There have been efforts to monitor and sample ambient air in urban environments for PAHs and 
other chemicals, based primarily around vehicle exhaust sources and natural gas burning 
(Ravindra et al., 2008; Slezakova et al., 2013; Smith & Mehta, 2003; Srogi, 2007; Zelinkova & 
Wenzl, 2015). Within the published studies focused on HAP PAHs, much of the research in the 
past two decades has been on cooking practices in populous countries like China and India 
(Ansari et al., 2010; Bhargava, Khanna, Bhargava, & Kumar, 2004; Duan et al., 2014; Mumford, 
Li, Hu, Lu, & Chuang, 1995), as well as in upper-middle and high income countries (Chuang, 
Mack, Kuhlman, & Wilson, 1991; Levy, Dumyahn, & Spengler, 2002; Naumova et al., 2002; 
White et al., 2014). Recently, more research has been focused on characterization of the personal 
exposure profile with regards to IAP, especially in low- and middle-income countries 
(Downward et al., 2014; Titcombe & Simcik, 2011; Weinstein et al., 2017). Our multi-faceted 
cookstove intervention study is aimed at providing personal exposure data on PAH exposures 
and increasing our knowledge on factors that affect PAH exposures. My primary aim for this 
study was to investigate household cooks’ PAH exposure during the baseline and the first 
intervention surveys in our intervention study and to understand variables that influence 
exposure to PAHs. The secondary aim was to determine the intervention cookstove’s 
effectiveness at reducing PAH exposure compared to commonly used cookstoves.  
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Methods 
Study Population 
Our ongoing multi-faceted cookstove intervention study is a randomized controlled trial 
comprised of 1462 households in the peri-urban city of Gisenyi, Rwanda (Figure 6). Within the 
city, the study population includes 22 neighborhoods in the Bugoyi and Kivumu cells (Figure 7). 
Cells are the second-lowest level of administration in Rwanda, above village. The households 
were divided into control and intervention households to investigate if a more efficiently burning 
cookstove would decrease exposure to harmful HAP emissions. For the ongoing study, exposure 
assessment and sampling have been divided into four surveys, a baseline and three intervention 
surveys, performed one year apart. My research focused on investigating household cooks’ PAH 
exposure in a randomly selected subsample of 180 households at baseline (June 2015) and at the 
first intervention survey (June 2016) and to shed light on how variables like stove type, location 
of the stove, fuel type used, and ignition technique may affect the PAH exposure levels. A 
bilingual Rwandan field team, trained by the UNC investigators, visited each of the households 
and acquired consent, interviewed the primary cook, and performed a 24-hour exposure 
sampling. The study was approved by the UNC IRB (Study # 14-0735). 
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Figure 6. Map of the African country Rwanda (Worldatlas, 2018). 
 
Figure 7. Map of 22 Umudugudus (neighborhoods/sub-divisions) in the Bugoyi and Kivumu 
cells of Gisenyi town, Rwanda 
29 
 
Sample Collection and Questionnaire 
Personal Sampling 
We collected 24-h air samples in the personal breathing zone of the primary cooks. Each 
cook was outfitted with a small backpack (Camelbak, Petaluma, CA) equipped with a 
PUF/XAD2 sampler (SKC Inc, Eighty Four, PA) to measure PAH exposure. The PUF/XAD2 
samplers on each backpack were connected to an air-sampling pump (AirCheck XR5000; SKC 
Inc.) operating at 2 L/min continuously for 24 hours. The samplers were attached to the 
backpack’s front straps within the cook’s breathing zone (Figure 8). Cooks were asked to wear 
the backpacks continuously for 24 hours, with the exception of bathing or sleeping, in which 
case the backpack could be placed near the cook. 
The PUF/XAD2 samplers used to monitor and quantify PAH exposure were developed to 
capture pesticides, polychlorinated biphenyls, and PAHs. The sampler has four interior 
components, two polyurethane foams surrounding XAD-2 resin beads (PUF/XAD2) and a glass-
fiber filter (GFF). We differentiated PAH exposure by gas-phase and particle-phase PAHs. PAHs 
in the gas-phase are typically small in size, low in molecular weight, and primarily detected in 
the PUF/XAD2 sample. In contrast to gas-phase PAHs, particle-phase PAHs are larger in size 
and molecular weight with more ring structures, and are detected more frequently in the GFF 
pre-filter samples. However, some of the PAHs are readily detected in both collection media. 
The polyurethane foams are highly porous materials that have been extensively used to capture 
gas-phase PAHs (Strandberg et al., 2018) and the XAD-2 resin beads are hydrophobic polymeric 
resins that have a porosity of 0.41 mL pore/mL beads aiding in the capture of gaseous PAH 
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compounds. The GFF pre-filter (19-mm diameter, 1-µm pore size; SKC Inc.) is located above 
the PUF/XAD2 layers to measure particle-bound PAHs, and kept in place with a plastic O-ring.  
After the 24-h sampling period, the field team picked up the sampling equipment, 
wrapped the PUF/XAD2 tubes in aluminum foil and bubble wrap, and sealed them inside glass 
containers for storage in a field office at ~20°C until shipment to the UNC Gillings School of 
Global Public Health. Once samplers were received at UNC, they were immediately stored in a 
freezer (-20°C) until sample processing and analysis. The sampled air volume was calculated 
using the pump flow rate of 2 L/min during the 24-hour monitoring period 
Area Sampling 
We collected 24-h air samples using PUF/XAD2 samplers from the area at the vicinity of 
the cookstoves. The area sampling method included a lightweight tripod holding the sampling 
equipment at a distance of one meter from the primary cookstove. The tripod held the 
PUF/XAD2 sampler at a height of approximately 1.5 m (Figure 8). Upon moving the cookstove, 
cooks were to move the tripod to maintain a constant 1-m distance. As opposed to the personal 
samples, it was assumed that area samplers would collect a larger amount of particle mass 
throughout the sampling period. To avoid overloading the GFF pre-filter with PM in the 
PUF/XAD2 sampler, the area monitoring pumps ran on an alternating method, operating for one 
minute, and being shut off for five minutes during the 24-h sampling period. 
Like the personal samples, the field team picked up the sampling equipment, wrapped the 
PUF/XAD2 tubes in aluminum foil and bubble wrap, and sealed them inside glass containers for 
storage in a field office at ~20°C for shipment to the UNC. Once samplers were received at 
UNC, they were immediately stored in a freezer (-20°C) until sample processing and analysis. 
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Figure 8.  Equipment setup for the personal and area PAH sampling in a Rwandan home. 
Questionnaire  
A questionnaire was designed and implemented to record variables in cooking area and 
cooking practices that could potentially affect the levels of PAH exposure in the households. 
These variables included cookstove location (indoor vs. outdoor), number of cookstoves used, 
how often each cookstove was used, the amount of fuel used in cooking, presence of a chimney 
indoors, etc. (see data collection sheet in Appendix). The questionnaire was given out and filled 
out in Kinyarwanda, and answers were recorded and entered into the database in English. 
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Sample Preparation 
Frozen PUF/XAD2 tubes were thawed for 10 minutes in a refrigerator (4ºC), and oriented 
upright to avoid condensation. The tubes were then removed from the refrigerator and thawed at 
room temperature for another 10 minutes. 
GFF Pre-Filter Extraction  
To extract the GFF pre-filter, the O-ring of the PUF/XAD2 sampling tube was removed 
with forceps, the GFF pre-filter was transferred into a 20 mL glass vial, and 5 mL of toluene was 
added as an eluent. The vial with the GFF pre-filter was sonicated for 40 min to extract PAHs. 
After sonication, the GFF pre-filter was removed from the vial and remaining toluene (~5 mL) 
was removed using a Polytetrafluoroethylene (PTFE) syringe equipped with a 0.45 μm PTFE 
filter (VWR International, LLC, Radnor, PA). Extracted toluene was transferred into an 8 mL 
scintillation vial for storage at – 20ºC. A 900 µL aliquot of toluene extract was transferred into a 
1.8 mL amber glass crimp autosampler vial (VWR International) and 100 µL of 0.5 μg/mL 
phenanthrene d10 internal standard (IS) was added yielding 0.05 μg/mL of phenanthrene d10. 
PUF/XAD-2 Extraction 
After the O-ring was removed with forceps and the GFF pre-filter was removed from the 
PUF/XAD2 sampling tube, the PUF sorbent and XAD2 resin beads were withdrawn from the 
tube and placed into a 20 mL glass vial, which was then filled with 15 mL of toluene and 
sonicated for 40 min to extract PAHs. After sonication, 10 mL of toluene were collected from the 
vial using a PTFE syringe equipped with a 0.45 μm PTFE filter (VWR International). The 
maximal extracted volume from the vial (~9 mL) was transferred into an 8 mL scintillation vial 
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for storage at -20ºC. A 900 µL aliquot of toluene extract was placed into a 1.8 mL amber glass 
crimp autosampler vial (VWR International) and 100 µL of 0.5 μg/mL phenanthrene d10 IS was 
added yielding 0.05 μg/mL of phenanthrene d10. 
 
Instrumental Analysis 
PAH samples and calibration standards were analyzed by gas chromatography-mass 
spectrometry (GC-MS). The GC-MS system comprised of a Finnigan TraceGC Ultra gas 
chromatograph (GC) with an AI/AS 3000 autosampler (Thermo Scientific, Waltham, MA) 
coupled with a Finnigan PolarisQ MSn ion-trap mass spectrometer (MS) (Thermo Scientific, 
Waltham, MA).  The analytical protocol for PAH analysis was modified from Restek Rxi-PAH 
column literature (Restek Corp., Bellefonte, PA). 
Sample injections were made in splitless mode (2 min) with the injector temperature 
maintained at 275°C. The injector contained a Topaz Single Taper Inlet Liner with quartz wool 
(3.0 x 8.0 x 105 mm, Restek Corp, Bellefonte, PA). Separation of the samples was carried out 
with a Restek Rxi-PAH column (60 m length x 0.25 mm internal diameter, 0.10 µm film 
thickness; Restek Corp., Bellefonte, PA). The GC transfer line and MS ion source were 
maintained at 300°C and 200°C, respectively. Helium was used as the carrier gas with a constant 
flow of 1 mL/min. The GC oven program was as follows: initial temperature 100°C for 1 min, 
100 – 210°C at 10°C/min, 210 – 250°C at 3°C/min, 250 – 290°C at 8°C/min, 290 – 330°C at 
3°C/min, 330 – 350°C at 20°C/min (final temperature held for 20 min). 
Positive ions [M]+ were generated with electron ionization (EI) at 70 eV and detected using 
selective ion monitoring (SIM) with time segments. The SIM scans with time segments can be 
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seen in Table 3 and the 16 US EPA priority PAHs and their chemical properties are shown in 
Table 4. A GC-MS chromatogram display of PAH mass-to-charge ratios and retention times is 
shown in figure 9 
 
Table 3. The SIM scan time segments for each analyzed PAH and its retention time.  
Compound Segment Scanning time (min) m/z Retention Time (min) 
Naphthalene 1 8.5 – 10  128 9.24 
Acenaphthylene 2 10 – 16 152 12.97 
Acenaphthene 2 10 – 16 154 13.30 
Fluorene 2 10 – 16 166 14.61 
Anthracene 3 16 – 21 178 18.08 
Phenanthrene 3 16 – 21 178 18.23 
Fluoranthene 4 21 – 26.75 202 23.84 
Pyrene 4 21 – 26.75 202 25.47 
Benz(a)anthracene 5 26.75 – 34 228 32.00 
Chrysene 5 26.75 – 34 228 32.36 
Benzo(b)fluoranthene 6 34 – 40.5 252 37.39 
Benzo(k)fluoranthene 6 34 – 40.5 252 37.51 
Benzo(a)pyrene 6 34 – 40.5 252 39.44 
Benzo(ghi)perylene 7 40.5 – 48 276 44.95 
Indeno(1,2,3-cd)pyrene 7 40.5 – 48 276 46.31 
Dibenz(a,h)anthracene 7 40.5 – 48 278 44.94 
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Figure 9.  GC-MS chromatogram display of PAH mass-to-charge ratios and retention times. 
 
Preparation of Standard Curve and Determination of Method Detection Limit  
To prepare standard curves for sample analysis, we prepared a set of serial dilutions of an 
EPA Polynuclear aromatic hydrocarbon 16 standard solution (Sigma-Aldrich Co., St. Louis, 
MO) as well as an internal standard (IS) solution of deuterated phenanthrene d10 (Sigma-Aldrich 
Co., St. Louis, MO). Two series of serial dilutions were created from the 10 µg/mL EPA PAH 16 
standard solution. To prepare 2 mL of EPA PAH 16 standard solution, 1200 µL of the EPA PAH 
16 standard solution was combined with 400 µL of toluene to create a 7.5 µg/mL dilution. Then 
800 µL of the 7.5 µg/mL EPA PAH 16 standard solution was combined with 800 µL of toluene 
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to create a 5.0 µg/mL solution. From the 7.5 and 5.0 µg/mL solutions, 800 µL was removed from 
each and separately combined with 800 µL of toluene to create two solutions with a 
concentration half that of the solution from which it was removed. Dilution series included 17 
solutions, from 7.5 µg/mL down to 0.059 µg/mL and from 5.0 µg/mL to 0.039 µg/mL. The IS of 
phenanthrene d10 was prepared by diluting 13.1 mg of phenanthrene d10 with 13.1 mL of toluene 
to create a 1 mg/mL solution. To create a 5 µg/mL solution, 100 mL of the 1 mg/mL solution 
was diluted in 19.9 mL of toluene.  
Standard curves were produced to calculate the concentration of each of the 16 PAHs 
detected in both the PUF/XAD2 and the GFF pre-filter samples. To create the calibration curve 
(N = 15; 0.0078 – 1.0 μg/mL) with the desired concentrations of the EPA 16 PAH standard 
solution and phenanthrene d10 IS, 120 µL of each EPA 16 PAH serial dilution was combined 
with 60 µL of the phenanthrene d10 solution and 420 µL of toluene to create standard curve 
solutions with a total volume of 600 µL.  
A procedure for establishing a method detection limit (MDL) was adapted from EPA 
“Definition and Procedure for the Determination of the Method Detection Limit, Revision 2” 
(EPA, December 2016). The MDL is defined as the minimum concentration of a substance that 
can be measured and reported with 99% confidence that the analyte concentration is greater than 
zero and is determined from analysis of a sample in a given matrix containing the analyte (EPA, 
December 2016). Two sets of samples were prepared to determine the MDL, one for the baseline 
and another for the intervention survey. The first MDL set was created as a minimum 
concentration of 0.0059 µg/mL to include one half-dilution below the lowest point on the 
standard curve (0.0078 µg/mL). Each replicate had a final volume of 200 µL, made from 40 µL 
of the EPA standard, 20 µL of the 5 µg/mL phenanthrene d10 internal standard, and 140 µL of 
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toluene. For the second MDL set, several modifications were made to more accurately quantify 
PAH concentrations. The lowest MDL concentration point was equal to the lowest standard 
curve concentration (i.e., 0.0078 µg/mL), as none of the samples appeared to contain PAH 
concentrations below 0.0078 µg/mL. The second MDL set also had a final volume of 200 µL, 
but with 20 µL of the EPA standard, 20 µL of the 5 µg/mL phenanthrene d10 internal standard, 
and 160 µL of toluene.  
 
Table 4. The US EPA 16 priority PAHs and their characteristics. 
Compound Molecular Weight 
(g/mol) 
Number of 
Rings 
Boiling Point 
(°C) 
IARC group 
classification 
Naphthalene 128.2 2 217.9 2B 
Acenaphthylene 152.2 3 280 3 
Acenaphthene 154.2 3 297 3 
Fluorene 166.2 3 295 3 
Anthracene 178.2 3 339.9 3 
Phenanthrene 178.2 3 340 3 
Fluoranthene 202.3 4 384 3 
Pyrene 202.1 4 404 3 
Benz(a)anthracene 228.3 4 437.6 2B 
Chrysene 228.3 4 448 2B 
Benzo(b)fluoranthene 252.3 5 481 2B 
Benzo(k)fluoranthene 252.3 5 480 2B 
Benzo(a)pyrene 252.3 5 311 1 
Benzo(ghi)perylene 276.4 6 500 3 
Indeno(1,2,3-cd)pyrene 276.3 6 536 2B 
Dibenz(a,h)anthracene 278.4 6 524 2A 
IARC Classification key:  3 - Not classifiable as to its carcinogenicity to humans, 2B - Possibly carcinogenic to 
humans, 2A - Probably carcinogenic to humans 1 - Carcinogenic to humans  
 
Statistical Analysis 
Statistical analyses were performed using Microsoft Excel 2016 and effects in PAH 
exposure were considered at significance level of 0.05. We examined gas-phase, particle-phase, 
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and combined gas- and particle-phase PAH exposures both within and between the baseline and 
intervention surveys. When analyzing the data, several metrics including arithmetic means, 
standard deviations, and median values were calculated for the covariates of interest (e.g., stove 
type, location of the stove, fuel type used, and ignition technique). Linear regression analyses 
were performed to investigate differences between PAH concentrations in personal (i.e., 
breathing-zone) and area samples and between control and intervention households in both the 
baseline and intervention surveys. Distribution profiles for each PAH compound were 
investigated via single factor analysis of variance (ANOVA).   
Results 
Baseline Survey 
The baseline survey consisted of 180 households. Of these households, 131 (73%) reported that 
during the past 7 days prior to the survey, cooking was mainly done inside as opposed to 
outdoors. The majority of the primary cookstoves were portable charcoal stoves (74%) while the 
rest were fixed charcoal (19%), traditional three stone or brick (4%), gas cookers (3%), or 
canarumwe (2%) stoves. No one reported using Phillips, forced-draft, paraffin, kerosene, other 
gasifier, or electric stoves as primary cookstoves. The percentage of usage for the primary 
cookstoves varied somewhat, as 164 households reported using the primary cookstove at least 
60% of the time (Figure 10). However, 81 households (45%) used the primary stove more than 
90% of the time. 
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Figure 10. The percent of primary cookstove use during seven days prior to (A) baseline 
and (B) intervention surveys. 
Only three different fuel types were used by the 180 households; 168 used charcoal 
(93%), 9 used fuelwood (5%), and 3 used liquefied petroleum gas (LPG)/natural gas (~2%). 
Ignition technique included matches and a variety of common kindling materials such as small 
sticks and/or fuelwood (50%); plastic bags and/or flip flops (33%); grass, reeds, and/or straw 
(~2%); kerosene (~1%); and other materials (11%), which mainly included paper and candles. 
Additionally, a few households reported using more than one kindling material, which we 
categorized as “mixed” (~3%). All but three households used matches to light the kindling 
material. The stove and stove-use associated variables (i.e., location of the stove, stove type, fuel 
type, and ignition technique) investigated in the baseline exposure analysis are shown in Figure 
11. 
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Figure 11. The primary stove and stove-use characterstics among the 180 household in the 
baseline survey: (A) stove location, (B) stove type, (C) fuel type, and (D) 
kindling and ignition method. 
 
During the baseline survey, 180 personal and 62 area samples were collected. A total of 
177 personal samples were received for baseline exposure analysis because three samples were 
lost during sample collection. Of the 177 personal samples received, three samples had to be 
discarded due to pump malfunction and four were missing filter components. Thus, 174 personal 
PUF samples and 170 personal filter samples were available for PAH analyses. Of the 62 area 
samples, two samples had to be discarded due to pump malfunction and two were missing filter 
components. Thus, 60 area PUF samples and 58 area filter samples were available for baseline 
PAH analyses. The mean PAH concentrations in the cooks’ breathing-zone and in the cooking 
area during baseline survey are provided in Table 5 in the ‘Personal and Area PAH Exposure in 
Baseline and Intervention’ section. 
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Intervention Survey 
The intervention survey included 172 households, of which 108 were baseline households 
and 64 were new households, which were recruited in lieu of 72 baseline households lost. There 
were 131 reported indoor cooking setups and 41 outdoor cookstoves, making up 76% and 24% 
of the households respectively. Similarly to the baseline, the most common primary stove was a 
portable charcoal stove used by 114 (67%) households while 41 (24%) households used fixed 
charcoal stoves, 12 used the intervention Mini Moto stove (7%), 3 used a gas cooker (2%), 1 
used a traditional 3-stone stove (<1%), and 1 used a built-in wood stove (<1%). No one reported 
using canarumwe, forced draft, Phillips, other gasifier, or paraffin/kerosene stoves as primary 
cookstoves. The percentage of usage for the primary cookstoves varied somewhat, as 139 
households reported using the primary cookstove at least 60% of the time (see Figure 10). 
However, 58 households (40%) used the primary stove more than 90% of the time. 
A wider variety of fuels were used to operate the cookstoves in the intervention compared 
to the baseline survey. The five different fuel types used were charcoal (89%), biomass pellets 
(5%), fuelwood (3%), LPG/natural gas (2%), and crop residues (<1%). Fuels used in cookstoves 
were lit with matches and several types of kindling including small sticks and/or fuelwood 
(47%); plastic bags and/or flipflops (30%); kerosene (6%), other not-specified materials (3%); 
and grass, reeds, and/or straw (<1%). A larger proportion of households in the intervention 
compared to the baseline reported using more than one kindling type (13% and 3%, respectively) 
as their most common method. All but two households in the intervention reported use of 
matches to ignite their kindling material for stove use. The stove and stove-use associated 
variables (i.e., location of the stove, stove type, fuel type, and ignition technique) investigated in 
the intervention survey are shown in Figure 12. 
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Figure 12. The primary stove and stove-use characterstics among the 172 household in the 
intervention survey: (A) stove location, (B) stove type, (C) fuel type, and (D) 
kindling and ignition method. 
During the intervention survey, 172 personal and 62 area samples were collected. A total 
of 171 personal samples were received for exposure analysis, as one sample was lost during 
sample collection. Of the 171 personal samples received, three samples had pump malfunctions, 
three samples had to be discarded due to mislabeling, one sample was used twice, and one was 
missing the filter component. Thus, 164 personal PUF samples and 163 personal filter samples 
were available for PAH analyses. All 62 area samples were received for analysis but two had to 
be discarded due to pump malfunction. As such, 60 area PUF samples and 60 area filter samples 
were available for PAH analysis. The mean PAH concentrations in the cooks’ breathing-zone 
and in the cooking area during intervention survey are provided in Table 5. 
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Gas-Phase and Particle-Phase PAH Exposure in Baseline and Intervention 
In the baseline survey, gas-phase PAH concentrations were significantly higher than 
particle-phase PAH concentrations for both personal samples (gas: 2.18 µg/m3, n = 174; particle: 
0.053 µg/m3, n = 170; p = 4E-11,) and area samples (gas: 6.78 µg/m3, n = 60; particle: 0.22 
µg/m3, n = 58; p = 1.5E-5). Naphthalene comprised a large fraction of the gas-phase PAHs, but 
even when excluding naphthalene from the analysis, a significant difference between gas-phase 
and particle-phase PAHs in personal and area concentrations remained (p = 5.47E-6 and 4.58E-4, 
respectively). The same trend was present in the intervention survey with a significant difference 
between gas-phase and particle-phase PAHs in personal samples (gas: 2.78 µg/m3, n = 164; 
particle: 0.049 µg/m3, n = 163; p = 2.27E-7) and area samples (gas: 8.89 µg/m3, n = 60; particle: 
0.73 µg/m3, n = 60; p = 7.38E-4) (Table 5).  
 
Personal and Area PAH Exposure in Baseline and Intervention 
The mean PAH concentrations in the cooks’ breathing-zones and in the cooking areas 
during baseline and intervention surveys are provided in Table 5. The combined-phase (the sum 
of gas and particle-phase) and gas-phase PAH exposure levels in area sampling measured 1 
meter away from cookstoves were over 2-fold higher than levels in personal sampling in both 
surveys. Area particle-phase levels were 5-fold higher than personal samples in the baseline and 
intervention surveys. (From here on, mean personal or mean area PAH concentration refer to the 
combined gas and particle-phase PAH concentration unless otherwise stated.) No significant 
difference was observed in the personal and area PAH concentrations between the baseline and 
intervention surveys (p-values > 0.29 for both). No correlation was observed between the 
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measured personal and area PAH concentrations during the baseline and intervention surveys (r 
= 0.24 and 0.096, respectively) (Figure 13). 
 
Table 5. Personal and area PAH concentrations measured during the 24-h baseline and 
intervention surveys. 
Survey 
Personal PAH Area PAH 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Baseline Combined* (n = 170; 58) 2.26 ± 4.20 1.18 6.79 ± 11.72 4.20 
 Gas-phase (n = 174; 60) 2.18 ± 4.07 1.14 6.78 ± 11.23 4.00 
 Particle-phase (n = 170; 58) 0.053 ± 0.11 0.03 0.22 ± 0.45 0.11 
Intervention Combined* (n = 163; 60) 2.84 ± 6.58 1.34 9.15 ± 19.6 4.07 
 Gas-phase (n = 164; 60) 2.78 ± 6.46 1.30 8.89 ± 18.78 4.02 
 Particle-phase (n = 163;60) 0.049 ± 0.20 0.02 0.25 ± 0.86 0.07 
*the sum of gas and particle-phase PAH concentration 
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Figure 13. Correlations between personal and area PAH concentrations measured during (A) 
baseline and (B) intervention surveys. 
 
The distributions of the mean combined gas- and particle phase, gas-phase only, and 
particle-phase only personal and area concentrations of the 16 US EPA priority PAHs measured 
during baseline and intervention surveys are shown in Figures 14 – 19. The overall distribution 
patterns of the 16 US EPA priority PAHs were similar for personal and area samples. A 
substantial part of the measured total PAH concentration was comprised of the five lowest 
molecular weight PAHs appearing in the gas-phase (i.e., naphthalene, acenaphthylene, 
acenaphthene, fluorene, and phenanthrene). Naphthalene concentration was at least 7-fold higher 
than any other detected PAH concentration in personal samples and at least 5-fold higher in area 
samples in both surveys (Figure 14 – 17). Gas-phase PAH concentrations were higher than 
particle-phase PAH concentrations (Figures 16 – 19), and the area PAH concentrations were 
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higher than personal PAH concentrations in both surveys. In Figures 18 and 19, particle-phase 
seems to capture mostly PAHs with four or more ring structures, most commonly 
benzo[ghi]perylene, benzo[b]fluoranthene, benzo[a]pyrene, and ideno[123-cd]pyrene. However, 
low levels of typical gas-phase PAHs, specifically acenapthene, were also detected in particle-
phase samples (i.e., filter samples) both surveys. The least commonly detected PAHs included 
anthracene and dibenz[ah]anthracene.  
These data indicate that the total personal PAH exposure provides the best, most 
consistent estimate of the cooks’ PAH exposure over the 24-h sampling period. Therefore, the 
subsequent results are provided only for the mean combined gas- and particle-phase personal 
PAH exposure unless area, gas-phase, or particle-phase data is indicated in the text. 
 
 
Figure 14. Distribution of the mean personal concentrations of the 16 US EPA priority PAHs in 
the baseline [A] and in the intervention survey [B]. 
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Figure 15. Distribution of the mean area concentrations of the 16 US EPA priority PAHs in the 
baseline survey [A] and the intervention survey [B]. 
 
Figure 16. Distribution of the mean gas-phase personal concentrations of the 16 US EPA priority 
PAHs in the baseline survey [A] and the intervention survey [B]. 
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Figure 17. Distribution of the mean gas-phase area concentrations of the 16 US EPA priority 
PAHs in the baseline survey [A] and the intervention survey [B].  
 
Figure 18. Distribution of the mean particle-phase personal concentrations of the 16 US EPA 
priority PAHs in the baseline survey [A] and the intervention survey [B].  
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Figure 19. Distribution of the mean particle-phase area concentrations of the 16 US EPA priority 
PAHs in the baseline survey [A] and the intervention survey [B]. 
 
Indoor vs. Outdoor Cooking 
For both the baseline and intervention surveys, the combined gas- and particle-phase and 
gas-phase only personal and area PAH concentrations measured in households cooking indoors 
were significantly higher than PAH concentrations in households cooking outdoors (for all p < 
0.025) (Table 6). However, no significant difference was observed in the particle-phase 
concentrations between indoor and outdoor cooking in either baseline or intervention survey (for 
all p > 0.05). There were no significant differences between the baseline and intervention surveys 
except for area particle-phase concentrations, which were about 2.5-fold higher (p = 0.053) in 
baseline survey. 
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Table 6. Personal and area PAH concentrations measured in households cooking indoors 
or outdoors during the 24-h baseline and intervention surveys. 
  Personal PAH Area PAH 
Survey 
 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Baseline Indoor Combined 2.56 ± 4.81* 1.22 8.29 ± 13.5* 4.46   
Gas-Phase 2.48 ± 4.67* 1.18 8.03 ± 12.86* 4.25   
Particle-
Phase 
0.06 ± 0.12 0.038 0.27 ± 0.52 0.13 
 
Outdoor Combined 1.42  ± 1.29* 1.10 2.87 ± 1.88* 1.98   
Gas-Phase 1.37 ± 1.24* 1.06 3.64 ± 4.04* 1.94   
Particle-
Phase 
0.036 ± 0.04 0.29 0.10 ± 0.11˟ 0.08 
   
  
  
Intervention Indoor Combined 3.21 ± 7.41ꜝ 1.46 11.74 ± 22.4ꜝ 5.34   
Gas-Phase 3.14  ± 7.27ꜝ 1.40 11.41 ± 21.4ꜝ 5.29   
Particle-
Phase 
0.06 ± 0.22 0.021 0.33 ± 0.99 0.073 
 
Outdoor Combined 1.57 ± 1.52ꜝ 1.02 2.01 ± 1.45ꜝ 1.36   
Gas-Phase 1.54 ± 1.50ꜝ 0.96 1.97 ± 1.43ꜝ 1.31   
Particle-
Phase 
0.028 ± 0.030 0.016 0.040 ± 0.049 ˟ 0 
* significant difference at p ≤ 0.025 between indoor and outdoor levels in the baseline survey. 
ꜝ significant difference at p ≤ 0.025 between indoor and outdoor levels in the intervention survey. 
˟ significant difference at p = 0.053 between baseline and intervention surveys. 
 
The distribution of the 16 US EPA priority PAHs in the cooks’ breathing zone did 
not vary by cooking location (indoor vs. outdoor) for neither baseline nor intervention 
survey. Figures 20 and 21 show similar PAH distributions in both surveys; naphthalene 
being the most prevalent PAH and particle-phase PAHs, on average, an order of 
magnitude lower in concentration than gas-phase PAHs (Table 6).  
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Figure 20. Distribution of the mean personal concentrations of the 16 US EPA priority 
PAHs during indoor and outdoor cooking in the baseline survey. 
 
Figure 21. Distribution of the mean personal concentrations of the 16 US EPA priority PAHs 
during indoor and outdoor cooking in the intervention survey. 
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Primary Cookstove Type 
The distribution and measured mean personal concentrations for each of the 16 US EPA 
priority PAHs in the baseline survey are shown in Figure 22. The highest mean personal PAH 
exposures were measured in the households using the traditional 3-stone cookstove (3.20 µg/m3; 
n = 7) and the canarumwe cookstove (2.87 µg/m3; n = 2). No significant difference in PAH 
exposure levels was observed between the households using the traditional 3-stone or 
canarumwe cookstove (3.13 µg/m3, n = 9) and the more commonly used portable (2.17 µg/m3; n 
= 125; p = 0.37) and fixed charcoal stoves (2.42 µg/m3; n = 34; p = 0.55). However, due to the 
low number of households using traditional 3-stone or canarumwe cookstoves, this finding may 
not be a representative of the overall PAH exposure for households using these cookstoves and, 
thus, the results need to be interpreted with caution (Faber & Fonseca, 2014). The lowest PAH 
concentrations were measured in households where gas cookers were used as the primary stove 
(gas-phase: 1.09 µg/m3, n = 2; particle-phase: < limit of detection (LOD), n = 2) but, again, these 
few households may not be representative of all households using gas cookers. 
Significant differences in the mean area PAH levels were not observed between different 
types of cookstoves in the baseline survey. There was no significant difference in the mean area 
PAH concentrations between households where portable (5.07 µg/m3; n = 40) and fixed charcoal 
cookstoves (7.28 µg/m3; n = 14), the two most commonly reported stove types, were used (p = 
0.6). The mean area PAH concentration in households using the traditional 3-stone cookstove 
(28.0 µg/m3; n = 3) was not significantly different from households using fixed charcoal 
cookstoves (p = 0.42).  
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Figures 22. The distribution of the mean personal PAH concentrations by stove type in the 
baseline survey. 
 
Trends in the PAH profiles in the intervention survey resembled the trends in the 
baseline, but with slight variations consequent of the difference in stove prevalence. In the 
intervention, the mean personal PAH concentrations measured in the households using fixed 
charcoal stoves (3.88 µg/m3; n = 40) were not significantly different from those measured in the 
households using portable charcoal cookstoves (2.31 µg/m3; n = 106). Personal breathing-zone 
concentrations measured in the households using Mini Moto stoves (1.47 µg/m3; n = 12) were 
consistently lower than and significantly different from households using charcoal stoves (p = 
0.043), but not lower than in households using gas cookers nor the household using a single 
traditional 3-stone cookstove outdoors (Figure 23). Inclusion of the single household that 
reported using a built-in wood stove (41.3 µg/m3) in the analysis showed significant difference in 
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the breathing-zone PAH levels between the stove types (p = 5.3E-8). However, when this 
household was excluded from the analysis, no significant difference was observed between the 
stove types.  
There was no observed significant difference in mean area PAH levels between 
households where portable (5.39 µg/m3; n = 41) or fixed charcoal cookstoves (23.2 µg/m3; n = 13; 
p = 0.12) were used. Furthermore, no significant difference in the mean personal or area PAH 
concentrations were observed between the Mini Moto cookstove (4.47 µg/m3; n = 3) and the 
fixed charcoal cookstove usage (p = 0.11).  
 
Figures 23. The distribution of the mean personal PAH concentrations by stove type in 
the intervention survey. 
 
Cookstove Fuel Source 
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The vast majority of the households used charcoal as a fuel source during both surveys 
(baseline 93.3%; intervention 89%). In the baseline survey, the highest mean personal PAH 
concentrations were measured in the households using fuelwood as the primary fuel source (3.14 
µg/m3; n = 9) (Figure 24). For households burning charcoal (4.69 µg/m3; n = 159) and Liquid 
Petroleum Gasoline (LPG)/natural gas (1.09 µg/m3; n = 2), no significant difference was 
observed between their mean personal PAH concentrations and the levels measured in the 
fuelwood-burning households (p = 0.38 and 0.08 respectively).  
As seen in the baseline, cooks using fuelwood (9.89 µg/m3; n = 6) as the primary fuel 
source were exposed to the highest PAH concentrations in the intervention survey (Figure 25). 
The mean personal PAH concentration measured in the fuelwood-burning households was much 
higher than those in charcoal (2.68 µg/m3; n = 144), biomass pellets (1.58 µg/m3; n = 9), 
LPG/natural gas (0.70 µg/m3; n = 3), and crop residue-burning (0.95 µg/m3; n = 1) households. 
The mean personal breathing-zone PAH exposure was significantly different for cooks using 
charcoal than LPG/natural gas (p = 0.0004). Although no significant difference was observed 
between mean PAH concentrations in households burning charcoal and biomass pellets             
(p = 0.08), PAH concentrations were higher for charcoal-burning households (Figure 25).  
The mean area PAH concentrations in both baseline and intervention surveys reflected 
the trends observed with the mean personal PAH concentrations. No significant difference was 
observed in mean area PAH levels between fuelwood-burning households (29.1 µg/m3; n = 5) 
and charcoal-burning households (4.69 µg/m3; n = 53) in the baseline survey. In the intervention 
survey, no significant difference was observed in between area PAH levels in households using 
the different fuel sources. The differences in the personal PAH concentrations between the fuel 
sources resembled the differences observed the mean area PAH levels: fuelwood (35.7 µg/m3; n 
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= 3), charcoal (8.04 µg/m3; n = 53), biomass pellets (4.47 µg/m3; n = 3), LPG/natural gas (2.29 
µg/m3; n = 1). The use of biomass pellets did not significantly reduce area PAH levels when 
compared to fuelwood or charcoal usage.  
A similar pattern associated with mean personal and area PAH concentrations was 
observed in both baseline and intervention surveys: burning fuelwood produced the highest PAH 
levels, followed by charcoal and LPG/natural gas. Low molecular weight PAHs, specifically 
naphthalene, acenaphthylene, and phenanthrene, composed the majority of the PAH exposure for 
the household cooks. In particle-phase, the most frequently detected PAHs included 
benzo[b]fluoranthene, benzo[a]pyrene, and benzo[ghi]perylene. Additionally, particle-phase 
PAHs detected in households using LPG/natural gas were at concentrations much lower than in 
households using other fuel types. In the intervention survey, the mean PAH exposure was 
slightly lower for cooks who used biomass pellets than for those who burned charcoal, and this 
also pertained to all gas-phase and most particle-phase PAHs. 
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Figure 24. The distribution of the mean personal PAH concentrations by fuel type in baseline 
survey. 
 
Figure 25. The distribution of the mean personal PAH concentrations by fuel type in intervention 
survey. 
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Ignition Type 
The majority of the households in both the baseline (83%) and intervention survey (77%) 
reported using either plastic bags and/or flip flops or small sticks/fuelwood as kindling and 
matches for ignition. Between the several kindling types, there were significant differences in 
mean personal PAH exposures in the baseline. The two most commonly used ignition materials 
in the baseline were small sticks/fuelwood (2.41 µg/m3; n = 86) and plastic bags/flip flops (2.37 
µg/m3; n = 53), and no significant difference was observed in the mean personal PAH 
concentrations (Figure 26). Mean personal PAH concentrations were lower when either “other” 
materials (1.56 µg/m3; n = 19) or kerosene (0.96 µg/m3; n = 2) were used compared to small 
sticks and/or fuelwood (p = 0.058 and 5.2E-5, respectively). In the intervention survey, no 
significant difference was observed in the mean personal PAH concentrations when small 
sticks/fuelwood (2.85 µg/m3; n = 78) or plastic bags/flip flops (2.28 µg/m3; n = 48) were used 
(Figure 27). However, personal mean PAH concentrations were significantly different when 
small sticks/fuelwood were used compared to the use of “other” materials (1.43 µg/m3; n = 5; p = 
0.04). Households using small sticks/fuelwood as kindling had the highest breathing-zone PAH 
concentrations in both surveys. 
The distribution of the mean area PAH concentrations resembled the distribution of the 
breathing-zone concentrations in both surveys. However, unlike the personal exposures, no 
significant differences were observed between any of the ignition/kindling types used.   
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Figure 26. The distribution of the mean total personal PAH concentrations by kindling type in 
baseline survey. 
 
Figure 27. The distribution of the mean total personal PAH concentrations by kindling type in 
intervention survey. 
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Mini Moto Cookstoves 
Only seventeen households had adopted a Mini Moto cookstove by the start of the 
intervention survey. Twelve of the seventeen households reported using Mini Moto as the 
primary cookstove and nine of them used biomass pellets, which were intended to be used in the 
Mini Moto stoves in place of any other fuel source. Only nine households who adopted a Mini 
Moto cookstove were also surveyed in the baseline. 
In these nine households, mean personal PAH exposure (baseline: 3.48 µg/m3; n = 9; 
intervention: 4.00 µg/m3; n = 9) and the area PAH concentrations (baseline: 5.18 µg/m3; n = 5; 
intervention: 4.36 µg/m3; n = 5) measured during baseline and intervention surveys were not 
significantly different (p = 0.78 and 0.84, respectively) (Table 10). The lack of significant 
difference indicates that use of the Mini Moto cookstove as a primary cookstove did not yield 
significantly reduced PAH exposure in this small sample size of nine houesholds. This is also 
illustrated in Figure 28, which shows the distribution of the mean personal PAH concentrations 
measured in the nine households who were surveyed during the baseline and intervention and 
adopted the Mini Moto stove. The highest breathing-zone exposures occurred for naphthalene. 
All PAHs detected in the baseline survey were also found in similar concentrations in the 
intervention survey when the Mini Moto cookstove was used as a primary or secondary 
cookstove (Figure 28).   
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Table 10. Personal and area PAH concentrations measured before and after the Mini Moto cookstove was adopted in nine 
households. 
Survey 
Baseline (Pre-
adoption) 
   
Intervention (Post-
Adoption) 
   
 Personal PAH  Area PAH  Personal PAH  Area PAH  
 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Mean ± STD 
(µg/m3) 
Median 
(µg/m3) 
Combined  
(n = 9; 5; 9; 5) 
3.48 ± 3.74 2.27 5.18 ± 6.68 2.192 4.00 ± 6.93 2.23 4.36 ± 4.24 1.48 
Gas-phase 
(n = 9; 5; 9; 5) 
3.43 ± 3.72 2.25 5.07 ± 6.61 2.10 3.97 ± 6.93 2.19 4.32 ± 4.22 1.43 
Particle-phase 
(n = 9; 5; 9; 5) 
0.052 ± 0.035 0.039 0.11 ± 0.11 0.093 0.030 ± 0.027 0.022 0.044 ± 0.040 0.066 
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Figure 28. The distribution of the mean personal PAH concentrations in nine households 
who adopted the Mini Moto cookstove in the baseline and intervention 
surveys. 
Four households converted to using the Mini Moto cookstove as their primary stove and 
biomass pellets as their primary fuel source. Of these four households, two households cooked in 
the same cooking location in both survey rounds. In household A, cooking was carried out inside 
during both surveys, using one portable charcoal cookstove in the baseline and two Mini Moto 
cookstoves in the intervention. Charcoal fuel was ignited with matches and small sticks/twigs in 
the baseline. During the intervention survey, biomass fuel pellets were ignited with matches and 
small sticks and/or fuelwood. In household B, cooking was carried out inside in both survey 
rounds with two portable charcoal cookstoves in the baseline survey and with two Mini Moto 
cookstoves in the intervention survey. Charcoal fuel was ignited with matches and plastic bags or 
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flip flops in the baseline while biomass fuel pellets were ignited with matches and small sticks 
and/or fuelwood in the intervention.  
The cooks’ breathing-zone PAH exposures were similar in the baseline and intervention 
surveys in both households (Figures 29 and 30). In household A, the total breathing-zone PAH 
concentration was 0.78 µg/m3 in the baseline and 1.13 µg/m3 in the intervention survey. Gas-
phase PAH concentrations were slightly higher in the intervention than in the baseline (baseline: 
0.77 µg/m3; intervention: 1.12 µg/m3) while particle-phase PAHs concentrations were similar in 
the both surveys (baseline: 0.013 µg/m3; intervention: 0.011 µg/m3). Within the gas-phase PAHs, 
the concentrations of both fluorene and phenanthrene (0.065 µg/m3 and 0.11 µg/m3, respectively) 
were detected at reduced levels after adoption of the Mini Moto cookstove (0.057 µg/m3 and 
0.078 µg/m3, respectively), while naphthalene and acenaphthylene concentrations increased 
(0.94 µg/m3 and 0.041 µg/m3, respectively) compared to baseline sampling (0.56 µg/m3 and 
0.037 µg/m3, respectively) (Figure 29). The only particle-phase PAHs detected above the LOD 
in the cook’s breathing zone was chrysene (0.013 µg/m3) in the baseline survey. In the 
intervention survey, of all the particle-phase PAHs, only benzo[ghi]perylene was detected (0.011 
µg/m3) above the LOD.  
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Figure 29. The distribution of the cook’s breathing-zone PAH concentrations in household A 
before and after adoption of the Mini Moto cookstove. 
In household B, the cook’s breathing-zone PAH exposure was 2.98 µg/m3 in the baseline 
and 2.96 µg/m3 in the intervention survey. In both surveys, the majority of the total PAHs 
measured were in the gas-phase. Although the overall gas-phase PAH breathing zone exposure in 
the baseline was almost the same in the intervention survey, three gas-phase PAHs 
(fluroranthene, pyrene, and benzo[a]anthracene) not detected in the baseline were detected in the 
intervention (0.050 µg/m3, 0.049 µg/m3, 0.030 µg/m3, respectively). Benzo[b]fluroanthene (0.04 
µg/m3), although typically present in the particle-phase, was detected in the gas-phase. However, 
benzo[b]fluroanthene and was not detected when Mini Moto cookstove was used. The only 
particle-phase PAH detected in the cook’s breathing zone was benzo[ghi]perylene (0.01 µg/m3) 
in the baseline survey, but this compound was not detected in the intervention survey.  
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Figure 30. The distribution of the cook’s breathing-zone PAH concentrations in household B 
before and after adoption of the Mini Moto cookstove. 
 
 
Discussion 
My research focused on investigating household cooks’ exposure to 16 US EPA priority 
PAHs in 180 Rwandan households and increasing our knowledge on factors that affect PAH 
exposures. The main focus was to shed light on how cooking location, fuel type, and kindling 
material impacted household cooks’ exposure to PAHs in this population.  
Area vs. Personal Sampling 
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Measuring HAP with both personal and area monitoring allowed us to examine the 
indoor air profiles of PAHs. Personal PAH exposures (baseline: 2.26 µg/m3 ± 4.20 µg/m3, 
intervention: 2.84 µg/m3 ± 6.58 µg/m3), though lower than area exposures, were at levels similar 
to those observed in some occupational environments including fish smokehouses, bitumen 
refinery, asphalt roofing, and area coke-oven operation (Bieniek & Lusiak, 2012; Unwin, 
Cocker, Scobbie, & Chambers, 2006). In addition, other members of the household, commonly 
children and elderly who spend extended hours in the living quarters, can also receive high PAH 
exposure as shown by the area monitoring of PAHs (baseline: 6.79 µg/m3 ± 11.73 µg/m3 , 
intervention: 9.15 µg/m3 ± 19.61 µg/m3). We did not find correlation between personal and area 
concentrations of PAHs, but we observed that the distributions of the PAH species were very 
similar in personal and area samples collected in this study population.  
 
Indoor vs. Outdoor cooking 
Previous research has indicated significant differences in respirable PM exposure based 
on cooking outdoors compared to indoors in rural South Indian homes (Balakrishnan, 
Sambandam, Ramaswamy, Mehta, & Smith, 2004) as well as in HAP-related health outcomes in 
children when cooking indoors compared to cooking outdoors (Das et al., 2018). PAH emissions 
can be readily dispersed (i.e., diluted) in an outdoor cooking environment and, thus, we decided 
to investigate the effect of indoor vs. outdoor cooking to the measured breathing-zone PAH 
levels. The measurements carried out in both the baseline and intervention surveys demonstrated 
that cooking indoors (baseline: 2.56 µg/m3, intervention: 3.21 µg/m3) was associated with a 
significantly higher exposure to PAHs compared to cooking outdoors (baseline: 1.43 µg/m3; 
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intervention: 1.57 µg/m3; p = 0.02 for both). Only two households in the baseline and four in the 
intervention survey reported having an active chimney in the kitchen. Thus, the lack of 
ventilation in the indoor environments was likely the reason for the observed higher PAH 
exposures. Interestingly, no significant difference was observed between particle-phase PAH 
concentrations in indoor vs. outdoor environments. This phenomenon is complex, as burning 
different fuels yields varying amounts of particle-bound PAHs. The particle size to which PAHs 
adsorb varies depending on the fuel source as well as the environmental conditions. The lack of a 
significant difference between indoor and outdoor particle-phase exposure might be due to 
lower, though still hazardous, concentrations of particle-phase PAHs measured in the cooks’ 
breathing zones. Although cooking outdoors is one of the most effective ways to decrease 
exposure to PAHs, it is not always possible or convenient, nor does it completely mitigate PAH 
exposure. Weather might make cooking outside difficult, especially during the rainy season. In 
addition, social stigma exists for men who cook domestically, as men are not expected to 
perform domestic tasks, and this value is reinforced by family members sometimes through 
shaming and insulting. In these cases, men will cook indoors to avoid scrutiny (Global Alliance 
for Clean Cookstoves, 2018c). For those with the option available, cooking outdoors could 
mitigate some of the PAH exposure. Further, cooking outdoors can expose the surrounding 
community to harmful pollutants, so simply cooking outdoors is not a complete solution (Smith 
& Liu, 1994; Titcombe & Simcik, 2011). 
 
Primary Cookstove 
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The type of cookstove (e.g., design) used can significantly affect the amount of PAH 
emissions (Sanford & Burney, 2015).  We did not observe a large diversity of cookstoves in 
either survey, as the majority of the households in baseline (93%) and intervention (90%) used 
either a portable or fixed charcoal cookstove. Consequently, the results obtained in the 
households using the less common cookstoves need to be interpreted with caution. The 
traditional 3-stone cookstove produced the highest mean personal PAH exposure levels (3.20 
µg/m3 ± 3.28 µg/m3) in the baseline survey.  In the intervention survey, the lower personal PAH 
exposure (0.78 µg/m3; n = 1) measured during the use the traditional 3-stone stove was likely due 
to cooking outdoors. Two canarumwe cookstoves were used in the baseline survey. Cooking 
with canarumwe cookstoves was associated with higher, though not significantly so, PAH 
exposure than with the charcoal cookstove but less than with the traditional 3-stone stove. Use of 
portable and fixed charcoal stoves was associated with similar particle-phase PAH exposures, 
but fixed charcoal stoves seem to produce higher exposure to gas-phase PAHs.  Fixed charcoal 
cookstoves are often installed indoors as opposed to portable charcoal cookstoves, which can be 
moved for use outside. The majority of the fixed charcoal stoves were used indoors, in both the 
baseline (94%) and the intervention survey (98%), whereas 67% of portable charcoal stoves in 
the baseline and 70% of portable charcoal stoves in the intervention survey were used indoors. 
Cooks using the fixed charcoal cookstove were exposed to the highest mean PAH levels (3.88 
µg/m3± 10.54 µg/m3) in the intervention survey, but this outcome is likely due to the influence of 
one household, which had the highest personal PAH exposure concentration in the survey (66.8 
µg/m3). Additionally, several households in the intervention had high area PAH exposure, with 
one household (117.3 µg/m3) breaching the ACGIH REL of 0.1 mg/ m3 for airborne coal tar 
pitch volatiles. Also of concern is the PAH exposure associated with the single built-in wood 
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stove in the intervention survey (41.9 µg/m3). Cooks who cooked with gas cooker cookstoves 
had the lowest PAH exposure levels.  
The twelve Mini Moto cookstoves adopted as the primary stove in the intervention 
survey were shown to expose cooks to PAH concentrations lower than or equal to those from 
portable and fixed charcoal cookstoves except for BaP. The mean PAH exposure levels from 
Mini Moto cookstoves (1.47 µg/m3) was observed to be significantly different from portable 
charcoal cookstoves (2.31 µg/m3; p = 0.043) but not from fixed charcoal cookstoves (3.49 
µg/m3; p = 0.16). The lack of a significant difference between fixed charcoal cookstoves and 
Mini Moto cookstoves is likely due to a higher variance and a smaller sample size compared to 
the portable charcoal cookstove sample, which had similar PAH exposure concentrations.  
 
Fuel Type 
The type of fuel used in the cookstove and, thus the differences in fuel composition, can 
determine how and what PAHs are formed (Mastral & Callén, 2000). The majority of the 
households used charcoal as their primary fuel source. Charcoal use was associated with the 
second highest mean PAH exposures (2.44 µg/m3 ± 5.26 µg/m3) after fuelwood (5.84 µg/m3 ± 
10.3 µg/m3, which produced the highest exposures. In the baseline, eight of the nine households 
that used fuelwood used traditional 3-stone stoves or canarumwe cookstoves, while in the 
intervention, only one of the six households used a traditional 3-stone stove or canarumwe 
cookstove. Cooking with LPG/natural gas produced the lowest PAH exposure (0.86 µg/m3 ± 0.43 
µg/m3), which was significantly lower than cooking with charcoal (p = 5.6E-5), even in indoor 
settings. PAH concentrations measured when biomass pellet fuel was used (1.58 µg/m3 ± 1.05 
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µg/m3) were lower, but not significantly, than those of charcoal and fuelwood for each PAH 
species. This indicates that biomass pellet fuel may be a cleaner fuel source than the more 
common fuel types. However, only nine households used biomass pellets, thus this observation 
needs to be confirmed with a larger study population. It is difficult to make any conclusions on 
crop residue use as only one household, which had low PAH exposure concentrations (0.95 
µg/m3), used it as a fuel source in a Mini Moto cookstove. 
 
Ignition Type 
Ignition method (i.e., use of matches and some form of kindling material) was expected 
to determine the starting conditions for how PAHs formed based on differences in fuel burning 
processes (Mastral & Callén, 2000). There were few differences between PAH exposure based 
on use of different kindling, and the households were split mainly between igniting with small 
sticks or plastic materials as kindling. In the baseline survey, 24 households reported using an 
“other” material, specifically paper or candles. Overall, the ignition with sticks (2.41 µg/m3 ± 
3.06 µg/m3) and plastic (2.37 µg/m3 ± 6.22 µg/m3) resulted in similar PAH exposure levels. In 
the baseline survey, the use of paper and candles, reported as “other” kindling material, was 
associated with lower PAH exposure levels than small sticks (1.56 µg/m3 ± 1.23 µg/m3 and 2.41 
µg/m3 ± 3.06 µg/m3, respectively; p = 0.06), as well as plastic materials and “other” materials 
(2.13 µg/m3 ± 5.60 µg/m3 ;p = 0.4). This is likely due to the lower number of households that 
used plastic materials (n = 60) for kindling compared to small sticks (n = 90). Similar PAH 
levels were observed in the use of “other” materials (1.43 µg/m3; n = 5) in the intervention 
survey.  A significant difference between the use of “other” materials and small sticks (p = 0.04) 
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but no difference with plastics (p = 0.1) was observed. However, due to small sample size and as 
the households largely failed to specify what materials were used in the “other” category, these 
finding must be interpreted with caution. Kerosene (n = 12) and grass/reeds/shrubs (n = 3) were 
not commonly used, and as such, these finding must also be interpreted with caution. The two 
samples in the baseline indicate that gas-phase PAH concentrations were lower with the use of 
kerosene (0.96 µg/m3) compared to small sticks, plastic materials, and paper. In the intervention, 
PAH exposure from kerosene as kindling material (7.78 ± 20.8 µg/m3) was not significantly 
different from small sticks, plastic materials, and paper. There was one household using kerosene 
(66.8 µg/m3) that had high PAH exposure, which likely contributes to the high mean PAH 
exposure for kerosene-based ignition in the intervention. In addition, gas- and particle-phase 
PAH concentrations were similar when grass/reeds/shrubs materials were used as kindling.  
 
Limitations 
As most of the households used either portable or fixed charcoal stoves and burned 
charcoal, we can have confidence that these results represent the PAH exposures encountered 
with the use of these stove and fuel types. However, more data is needed to draw conclusions for 
the use of the other stove and fuel types. 
Another limitation lies in the questionnaire, and participants’ ability to report with 100% 
clarity and certainty. There were several instances in which users reported that the kindling type 
was “other” but specified that the “other” was a plastic material (an option on the questionnaire). 
One household inputted that their primary stove was used for 10% of their cooking and their 
secondary cookstove for 90%. Responses such as these lead to confusion and assumptions on 
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what the reporting cook was attempting to communicate. For easily corrected responses, like 
samples in the wrong category, the change was made and the sample was still included in the 
data analysis. For samples with irreconcilable discrepancies, the data was excluded from the 
sample analysis. 
The adoption of the Mini Moto cookstoves was minimal, as only twelve households 
reported their use as primary cookstoves in the intervention survey. Thus, we cannot draw any 
conclusions about the efficiency and cleanliness of these stoves at this time. 
An inherent aspect of a field study involves analyzing processes in the real world 
environment. Although this is more representative of the target cooking practices, it is 
impossible to know each of the characteristics of the households and behaviors of the cook while 
still sampling during a small window of time. Knowing how each cook performs the task of 
cooking could contextualize and explain small variations and nuance that goes unnoticed in 
standard evaluation. Achten, Beer, Stader, and Brinkhaus (2015) report that different types of 
wood yield differing distributions of PAHs when burned. In this study, all fuelwood use was 
combined into one category and, thus, we were not be able to discern differences in the 
distribution of PAH species. However, we did not observe differences in PAH distributions when 
different stove types or fuel sources were used, although significant differences were observed in 
the exposure levels. 
Researchers have determined that one of the most significant impediments to global clean 
cooking is the practice of stove stacking. Many households in low-income regions operate 
multiple cookstoves, which negates the adoption of a clean cookstove, as households will likely 
continue to use older less efficient stoves as well as newer updated variants. Stove stacking is a 
major concern and a significant confounder when evaluating exposures to PAHs. In this study, 
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stove stacking was not investigated nor did we investigate the type of meals that were cooked 
during the surveys. Different cooking techniques may be required for different foods, which 
could in turn influence PAH exposure levels. These behaviors will need to be investigated in the 
future studies. Also, environmental and climate information would be helpful in contextualizing 
the conditions under which PAH exposures are evaluated in the future studies. 
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Conclusions 
Although we are unable to make significant conclusions on the efficacy of intervention 
cookstoves at this stage, we were able to note how some variables in cooking practices and 
materials affect exposure to PAHs. Cooking indoors without adequate ventilation will expose 
everyone in the household to elevated and potentially dangerous levels of HAP. We observed 
that cooks using traditional 3-stone cookstoves and the canarumwe stoves had the highest 
exposures to PAHs in the baseline survey. Exposure to PAHs during the use of fixed and 
portable charcoal cookstoves were lower than PAH exposure from traditional 3-stone stoves, but 
still higher than using gas cooker or Mini Moto cookstoves. Cooks using the Mini Moto stove 
appeared to have below average PAH exposure, lower exposure than cooks using the portable 
charcoal cookstoves stoves but not nearly as low as those using the gas cookers. The household 
with the highest personal exposure to PAHs used a fixed charcoal cookstove indoors burning 
charcoal that was ignited with kerosene. The highest area exposure to PAHs was also measured 
when a fixed charcoal cookstove was used indoors but ignited with plastic. In the future, more 
households using the Mini Moto cookstoves will be included in the study which may provide 
more accurate information about their ability to decrease PAH exposures. 
The results about the effect of fuel source on PAH exposure has to be interpreted with 
caution as the dominant fuel used was charcoal. Fuelwood was associated with the highest PAH 
exposures followed by charcoal, and LPG/natural gas. Biomass pellets were expected to yield 
less PAH exposure, but this was not clearly observed by the PAH levels measured pre- and post 
Mini Moto adoption in the twelve households. However, PAH exposures were lower when 
biomass pellets were used compared to fuelwood or charcoal. 
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Kindling type did not seem to have a significant influence on PAH exposure, as lighting 
with small sticks, plastic bags, and paper yielded similar measured PAH levels and distributions. 
Only kerosene had consistently lower associated mean PAH concentrations, though in the 
intervention survey, one household with high PAH exposure levels reported use of kerosene. 
However, no distinct factor could be determined as to why this was the case.  
The conclusions from this research can be incorporated into future cookstove design and 
indoor air pollution health awareness campaigns. Populations in low- and middle-income 
countries across the world could benefit from learning what variables influence HAP, and how 
they can perform safest practices to avoid negative health outcomes. In general, people need to 
be made more aware of the HAP, as we begin to spend increasingly long periods of time indoors. 
Occupational cooks, specifically street cooks and domestic workers should be provided this 
information, as the occupations are often completely unregulated in the regions like Rwanda. 
These conclusions and research efforts on cookstoves and PAH exposures are useful in 
protecting vulnerable populations including occupational cooks, domestic workers, stay-at-home 
parents, the elderly, and children. This information can be used to better the health outcomes of 
those who need it most, and create a safer indoor environment for everyone. 
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Appendix  
IN OFFICE BEFORE DEPLOYMENT:  
  
A. ID (ALL)  
#  Question  Response key  Response  
A1  Interviewer Name      
A2  Interviewer code      
A3  Date of interview  dd:mm:year    
A4  Household ID      
A5  Primary cook ID      
A6  Name of primary cook      
A7  Type of monitoring  Personal only=1  
Area and personal=2  
  
A8  Survey round   0, 6, 12, 18 or 24    
A9  Is this household selected for 
Area Monitoring  
Yes=1 No=2  .  
  
 IF NOT SELECTED FOR AREA MONITORING, CROSS OUT AREA 
SECTIONS  
(AREA)  
B1  Area PEM number      
B2  Area PEM Filter number      
B3  Area PEM Pump number      
B4  Area PEM Battery number      
B5  Area PEM Pump flow rate 
predeployment (2 lpm)  
LPM    
B6  Area PUF Tube number      
B7  Area PUF Pump number      
B8  Area PUF Battery number       
B9  Area PUF Pump flow rate 
(pre-deployment) (2 lpm)  
LPM    
B10  Area CO data logger number      
  
  
(PERSONAL)  
B11  Personal PEM number      
B12  Personal PEM Filter number       
B13  Personal PEM Pump number      
B14  Personal PEM Pump flow rate 
(pre-deployment) (2 lpm)  
LPM    
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B15  Personal PUF Tube number      
B16  Personal PUF Pump number      
B17  Personal PUF Pump flow rate 
(pre-deployment) (2 lpm)  
LPM    
B18  Personal CO data logger 
number  
    
  
  
 CHECK ALL PUMP SETTINGS  
  
  
START OF EXPOSURE MONITORING PERIOD IN FIELD  
  
C. Ventilation of cooking area (ALL)  
#  Question  Response key  Response  
C1  During the past 7 days has your household cooked 
mainly inside or outside?  
Inside=1 
Outside=2  
  
C2  Is the household’s primary cooking area partially 
or completely indoors (e.g. kitchen, shelter, room 
in house)?  
  
Yes =1  
No=2  
  
  
  
D. Stove Type (ALL)  
#  Question  Response key    
D1  What type of stove is the most commonly used 
stove in this household during the past 7 days?  
(Labjack #1 goes here)  
  
CHOOSE ONE  
1=Traditional three stone/brick  
2=Canarumwe (clay firewood)  
3=Portable charcoal stove (clay or metal)  
4= Fixed charcoal stove (clay or metal)  
5=Forced draft gasifying stove (like  
Philips)  
6=Paraffin / kerosene  
7=Gas Cooker  
8= Electric stove  
9=Other (specify)  
  
D2  How many of this type of stove do you have 
(number of stoves or burners)?  
 #    
D3  Percent of cooking, heating, water heating done with 
the most commonly used stove during past 7 days?  
Percent (0-100)    
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D4  What fuel is usually used in this stove? (most 
common during past 7 days)    
1=Charcoal  
2=Fuelwood  
3=Biomass pellets  
4=Crop residues  
5=Reeds/straw/shurbs/grass/urubingo  
6=Kerosene/paraffin  
7=Electricity  
8=LPG/Natural gas  
9=Biogas  
10=Other, specify  
  
D5  How do you usually light this stove?  
  
  
1=small sticks/fuel wood  
2=grass/reeds/straw  
3=plastic bag or flip flop  
4=kerosene  
5=matches  
6=neighbors fire  
7=other, specify  
  
  
  
  
  
D6  What type of stove is the second most commonly 
used stove in this household during the past 7 days?  
(Labjack #2 goes here)  
  
CHOOSE ONE, can be the same type as C1  
0=Only one stove in household  
1=Traditional three stone/brick  
2=Canarumwe (clay firewood)  
3=Portable charcoal stove (clay or metal)  
4= Fixed charcoal stove (clay or metal)  
5=Forced draft gasifying stove (like  
Philips)  
6=Paraffin / kerosene  
7=Gas Cooker  
8= Electric stove  
9=Other (specify)  
  
D7  How many of this type of stove do you have 
(number of stoves or burners)?  
 #    
D8  Percent of cooking, heating, water heating done with 
the second most commonly used stove during past 7 
days?  
Percent (0-100)    
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D9  What fuel is usually used in this stove? (most 
common during past 7 days)    
1=Charcoal  
2=Fuelwood  
3=Biomass pellets  
4=Crop residues  
5=Reeds/straw/shurbs/grass/urubingo  
6=Kerosene/paraffin  
7=Electricity  
8=LPG/Natural gas  
9=Biogas  
10=Other, specify  
  
D10  How do you usually light this stove?  
  
  
1=small sticks/fuel wood  
2=grass/reeds/straw  
3=plastic bag or flip flop  
4=kerosene  
5=matches  
6=neighbors fire  
7=other, specify  
  
  
  
E. Quantity of fuel to be used for cooking during 24 hour exposure monitoring period 
(ALL)  
#  Question  Response key  Response  
E1  Charcoal   Kgs    
E2  Fuelwood    Kgs    
E3  Biomass pellets    Kgs    
E4  Crop residues  Kgs    
E5  Reeds/straws/shrubs/grass/urubingo grass  Kgs    
E6  Kerosene/paraffin  Liters    
E7  Electricity  kWh (if metered)    
E8  LPG/Natural gas  Liters    
E9  Biogas  NA    
E10  Other, specify  Specify units    
  
 DON’T FORGET TO ASK FOR A LITTLE BIT EXTRA FUEL TO 
MEASURE  
  
  
  
F. Fuel moisture content (ALL)  
#  Question  Response key  Response  
F1  Does your household dry wood/fuel near your 
cooking fire or in the sun?  
Yes=1  
No=2  
Only rainy season=3  
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F2  Does the household usually store fuel?  
  
Yes=1  
No=2  
Only rainy season=3  
  
  
  
G. Personal monitoring (PERSONAL)  
#  Question  Response key  Response  
G1  Time started PEM  hh:mm    
G2  Time started PUF  hh:mm    
  
  
  
 ASK COOK WHERE SHE WOULD LIKE AREA TRIPOD  
 TEACH COOK HOW TO MOVE TRIPOD (HAVE HER TRY PICKING IT UP)  
 TELL COOK SHE CAN RESUME NORMAL ACTIVITIES   
  
  
H. Area monitoring (AREA)  
#  Question  Response key  Response  
        
H1  Monitor placed indoors or outdoors  1=Outdoor  
2=Indoor  
3=Partially indoor  
  
H2  Distance from stove  Cm    
H3  Height of monitor  Cm    
H4  Time started PEM  hh:mm    
H5  Time started PUF  hh:mm    
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ONLY IF KITCHEN IS INDOORS:   
  
I. Indoor kitchen measurements (ALL)  
I1  Is there a gap of more than 5 cm between the top 
of the walls and the roof in the cooking area?  
Yes=1 No=2    
I2  What are the dimensions of the doorway?  HxW (cms)    
I3  What are the dimensions of the windows?           -----                   -----  
13.1    Window 1             HxW (cms)    
I3.2    Window 2   HxW (cms)    
I3.3    Window 3             HxW (cms)    
I3.4    Window 4           HxW (cms)    
I3.5    Window 5             HxW (cms)    
I3.6    Window 6            HxW (cms)    
I4  How high off the ground are the windows?          -----                   -----  
I4.1    Window 1  Cm    
I4.2    Window 2  Cm    
I4.3    Window 3  Cm    
I4.4    Window 4  Cm    
I4.5    Window 5  Cm    
I4.6    Window 6  Cm    
I5  How many ventilation holes are there?  #    
I6  Is there a soot line in the cooking area?   Yes=1 No=2    
I7  If yes, at what height does the soot line begin?   cm    
I8  What is the approximate area of the kitchen  
cm2  
  
I9  Average Height of walls  Cm    
I10  Height of ceiling (highest point)  Cm    
I11  Does the kitchen have an active chimney?  Yes=1 No=2    
I12  Notes about kitchen 
design, layout, etc.  
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J. Stove use monitoring (SUMS) Labjack deployment (ALL)  
#  Question  Response key  Response  
Labjack #1      -------      -------  
J1  Labjack serial number      
J2  Description of stove Labjack is assigned to  1=Traditional three stone/brick  
2=Canarumwe (clay firewood)  
3=Portable charcoal stove (clay or metal)  
4= Fixed charcoal stove (clay or metal)  
5=Forced draft gasifying stove (like Philips)  
6=Paraffin / kerosene  
7=Gas Cooker  
8= Electric stove  
9=Other (specify)  
  
J3  Distance from Labjack to stove  Cm    
J4  How is Labjack secured?  Brick=1  
Stove=2 Other=9  
  
J5  Is the Labjack in the sun?  Yes=1 
No=2  
  
Labjack #2 – ONLY IF HOUSE HAS 2 STOVES      -------      -------  
J6  Labjack serial number       
J7  Description of stove assigned to  1=Traditional three stone/brick  
2=Canarumwe (clay firewood)  
3=Portable charcoal stove (clay or metal)  
4= Fixed charcoal stove (clay or metal)  
5=Forced draft gasifying stove (like Philips)  
6=Paraffin / kerosene  
7=Gas Cooker  
8= Electric stove  
9=Other (specify)  
  
J8  Distance from Labjack to stove  Cm    
J9  How is Labjack secured  Brick=1  
Stove=2 Other=3  
  
J10  Is the Labjack in the sun?  Yes=1 
No=2  
  
  
  
END OF EXPOSURE MONITORING PERIOD IN FIELD.  
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_____________________________________________________________________________  
  
  
  
  
  
  
  
  
  
EQUIPMENT PICK UP IN FIELD:   
  
  TAKE BAG OFF COOK, STOP PERSONAL PUMPS IF NOT 
STOPPED  
  
(PERSONAL)  
K1  Minutes indicated remaining on personal 
PEM pump  
    
K2  Minutes indicated remaining on personal 
PUF pumps  
    
  
(AREA)  
  
K3  Was the area exposure monitoring unit 
moved since it was installed yesterday?  
(Ask cook)   
Yes=1 
No=2  
  
  
(PERSONAL)  
  
K4  Was the personal exposure monitoring unit 
taken off since yesterday for any reason 
other than bathing or sleeping?   
(Ask cook)  
Yes=1 
No=2  
  
  
L. Other exposures (ALL)  
#  Question  Response key  Response  
L1  Since the monitors were placed yesterday, have 
you burned garbage or brush?  
Yes=1 
No=2  
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L2  What was the main source of lighting in your 
living area during 24 hour monitoring period?   
  
  
CHOOSE ONLY ONE  
1=Electricity from REG  
2=Other electrical distributors  
3=Biogas  
4=Generator  
5=Kerosene/paraffin  
6=Firewood  
7=Candle  
8=Solar  
9=Batteries/bulb  
10=Other, specify  
  
L3  Since you started wearing the monitor yesterday, 
have you been around fires for any reason other 
than cooking for your own household? (e.g., 
brick burning; restaurant; neighbor’s kitchen 
while fire was on etc.)   
Yes=1 
No=2  
  
  
  
  
  
  
  
  
M. Quantity of fuel used for cooking during 24 hour exposure monitoring period (ALL)  
How much fuel is left of the 24 hr. amount?    
M1  Charcoal   Kgs     
M2  Fuel wood  Kgs     
M3  Pellets  Kgs     
M4  Crop residues  Kgs     
M5  Reeds/straws/shrubs/grass  Kgs     
M6  Kerosene/paraffin  Liters     
M7  Electricity  kWh (if metered)     
M8  LPG/Natural gas  Liters     
M9  Biogas  NA     
M10  Other, specify  Specify units     
M11  Was any extra fuel burned in the 2 stoves in 
past 24 hours?  
Yes = 1 
No =2  
  Ty pe  Amount  
     
     
     
M12  Collect 100 gram sample of fuel used in 
household (only if biomass) for moisture 
content analysis** (only for households with 
area monitoring  
Yes=1 No=2    
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 PUT PERSONAL PUF IN JAR, PUT PERSONAL PEM IN BAG  STOP AREA PUMPS IF 
NOT STOPPED  PUT AREA PUF IN JAR, PUT AREA PEM IN BAG  
  
N. Area monitoring (AREA)  
#  Question  Response key  Response  
N1  Monitor location (at retrieval)  1=Outdoor  
2=Indoor  
3=Partially indoor  
  
N2  Distance from stove  Cm    
N3  Height of monitor  Cm    
N4  Time ended Area PEM  hh:mm    
N5  Time ended Area PUF  hh:mm    
  
O. Stove use monitoring (SUMS 24 hour checkup) (ALL)  
#  Question  Response key  Response  
Labjack #1      -------       -------  
O1  Labjack serial number            
O2  Distance from Labjack to stove  Cm     
O3  Is Labjack in the sun?  Yes=1 
No=2  
   
Labjack #2      -------       -------  
O4  Labjack serial number        
O5  Distance from Labjack to stove  Cm     
O6  Is Labjack in the sun?  Yes=1 
No=2  
   
  
END OF EQUIPMENT PICK UP   
  
  
IN LAB AFTER EQUIPMENT PICK UP  
  
(AREA)  
#    Question  Response key  Response  
P1  Area PEM number      
P2  Area PEM Filter number      
P3  Area PEM Pump number      
P4  Area PEM Battery number       
P5  Area PUF Tube number      
P6  Area PUF Pump number      
P7  Area PUF Battery number       
P8  Area CO data logger number      
P9  Area PUF pump flow rate (post-retrieval)  LPM    
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P10  Area PEM pump flow rate (post-retrieval)  LPM    
  
(PERSONAL)  
#    Question  Response key  Response  
Q1  Personal PEM number      
Q2  Personal PEM Filter number      
Q3  Personal PEM Pump number      
Q4  Personal PEM Battery number (if applicable)      
Q5  Personal PUF Tube number       
Q6  Personal PUF Pump number      
Q7  Personal PUF Battery number (if applicable)      
Q8  Personal CO data logger number      
Q9  Time ended Personal PEM      
Q10  Personal PEM pump flow rate (postretrieval)  LPM    
Q11  Time ended Personal PUF  hh:mm    
Q12  Personal PUF pump flow rate (post-retrieval)  LPM    
  
  
 DOWNLOAD AREA CO MONITOR DATA  
 PUT AREA PM FILTER IN CASE  
 DOWNLOAD PERSONAL CO MONITOR DATA  
 PUT PERSONAL PM FILTER IN CASE  
  
  
(ALL)  
#     Question  Response key  Response  
R1  Moisture content of fuel sample (area monitoring households only)  %      
        -------    
R2  Date Labjack should be collected from household (4 weeks from 
deployment)  
dd:mm:year    
  
  
(ALL)  
4 weeks post Labjack deployment    
    
Labjack #1    
S1  Serial number of Labjack     
S2  Distance from Labjack to stove    
S3  Download data from Labjack #1    
        -------  
Labjack #2    
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S4  Serial number of Labjack     
S5  Distance from Labjack to stoves    
S6  Download data from Labjack #2    
  
 
 
